Maternally derived copy number gains of human chromosome 15q11.2-q13.3 (Dup15q syndrome or Dup15q) cause intellectual disability, epilepsy, developmental delay, hypotonia, speech impairments, and minor dysmorphic features. Dup15q syndrome is one of the most common and penetrant chromosomal abnormalities observed in individuals with autism spectrum disorder (ASD). Although $40 genes are located in the 15q11.2-q13.3 region, overexpression of the ubiquitin-protein E3A ligase (UBE3A) gene is thought to be the predominant molecular cause of the phenotypes observed in Dup15q syndrome. The UBE3A gene demonstrates maternal-specific expression in neurons and loss of maternal UBE3A causes Angelman syndrome, a neurodevelopmental disorder with some overlapping neurological features to Dup15q. To directly test the hypothesis that overexpression of UBE3A is an important underlying molecular cause of neurodevelopmental dysfunction, we developed and characterized a mouse overexpressing Ube3a isoform 2 in excitatory neurons. Ube3a isoform 2 is conserved between mouse and human and known to play key roles in neuronal function. Transgenic mice overexpressing Ube3a isoform 2 in excitatory forebrain neurons exhibited increased anxiety-like behaviors, learning impairments, and reduced seizure thresholds. However, these transgenic mice displayed normal social approach, social interactions, and repetitive motor stereotypies that are relevant to ASD. Reduced forebrain, hippocampus, striatum, amygdala, and cortical volume were also observed. Altogether, these findings show neuronal overexpression of Ube3a isoform 2 causes phenotypes translatable to neurodevelopmental disorders. † Equally contributing first authors. ‡ Equally contributing last authors.
Introduction
Neurodevelopmental disorders, including autism spectrum disorder (ASD) and intellectual disability (ID), are prevalent and pervasive lifelong conditions. Maternally derived duplications or triplications of 15q11.2-q13.3 are one of the most penetrant copy number variants observed in individuals with ASD, accounting for up to $3% of ASD cases and causing Dup15q syndrome (1) (2) (3) . Pronounced clinical features associated with Dup15q syndrome are ASD, ID, seizures, anxiety, global developmental delay, hypotonia, speech impairments, motor coordination deficits, and minor dysmorphic features (4) (5) (6) (7) .
The ubiquitin-protein E3A ligase gene (UBE3A) located within 15q11.2-q13.3 exhibits maternal-specific expression in neurons but is biallelically expressed in most other cell types (8) (9) (10) . Of the imprinted genes located in 15q11.2-q13.3, UBE3A is expressed from the maternal allele in neurons whereas the other imprinted genes are exclusively expressed from the paternal allele (11, 12) . As such, maternally derived deletions or mutations that lead to a loss of expression or loss of function of UBE3A cause Angelman syndrome (AS), a severe neurodevelopmental disorder characterized by ID, epilepsy, ataxia, and an atypically happy disposition (13) (14) (15) (16) (17) (18) . Conversely, maternally inherited overexpression of UBE3A is currently thought to be the main pathological mechanism underlying Dup15q syndrome (5, 7) .
UBE3A may be a dosage-sensitive gene, with low or no UBE3A expression causing AS and elevated UBE3A expression causing most, if not all, of the symptoms seen in Dup15q syndrome, respectively. Interstitial duplications of 15q11.2-q13.1 often lead to a trisomy of the genes in the region and account for $20% of individuals with Dup15q syndrome. Conversely, isodicentric duplications of the region lead to a tetrasomy or, in some instances, a hexasomy of the region and account for 80% of affected individuals (6) . The severity of symptoms associated with Dup15q syndrome correlates with the number of copies of the region, with interstitial duplications causing mild to moderate phenotypes, and isodicentric duplications causing more severe phenotypes, which further suggests that elevated UBE3A levels in the brain cause some of the neurological dysfunction in Dup15q syndrome (19) . Studies of Ube3a in a variety of species including fly and mouse models also support the notion that Ube3a is dosage sensitive (20) (21) (22) (23) (24) . Furthermore, reductions of UBE3A levels in a Dup15q neuronal cell culture model have been shown to normalize expression levels of several key synaptic molecules (25) . The idea that overexpression of UBE3A plays a major pathogenic role in neurodevelopmental dysfunction is further supported by the recent discovery of an individual with developmental delay carrying a maternally inherited duplication of only the UBE3A gene (26) .
The UBE3A gene encodes a ubiquitin-protein E3A ligase that functions as a member of the ubiquitin proteasome system, as a coactivator of nuclear steroid hormone receptors, and, at least in the mouse, as a competing endogenous RNA (27) (28) (29) (30) (31) (32) . Neuronspecific functions of Ube3a include a role in regulation of synaptic plasticity (15) , dendrite polarization and morphogenesis (33) , dendritic spine morphology and density (34) , and actin cytoskeleton remodeling (22) . Numerous potential cytoplasmic and nuclear targets of UBE3A have been identified, but the exact mechanism by which UBE3A protein regulates brain function through these pathways is poorly understood. In the human brain, UBE3A expresses at least eight alternatively spliced transcripts that encode three protein isoforms differing at the N-terminus (31, 35) . In the mouse, Ube3a expresses at least three alternatively spliced transcripts through alternative splicing of upstream exons and the use of an alternative intronic polyadenylation site (33, 35) . Biochemical studies of varying AS causing mutations indicate that loss of UBE3A ligase activity is sufficient to cause the disorder (17, 36, 37) ; however, none of the UBE3A substrates identified to date have fully explained the spectrum of phenotypes. The functional importance of each Ube3a/UBE3A isoform in the brain is poorly understood, but there is evidence that each isoform has a distinct functional property in neurons or, perhaps, other cell types in the brain. Miao et al. (2013) showed that Ube3a isoform 2 is required for the specification of apical dendrites and dendrite polarization in pyramidal neurons of the mouse cortex (33) . Valluy et al. (2015) showed that Ube3a isoform 1 is expressed as a non-protein coding isoform in the brain that functions as a competing endogenous RNA to regulate dendritic spine development by sequestering mir-134, which inhibits translation of Limk1, a key enzyme in synaptogenesis (38) . Although less is understood about the human UBE3A isoforms, Martinez-Noel et al. (2012) found that they associate with similar but also different protein complexes, suggesting that each isoform might regulate different pathways in the cell (39) .
Towards the goal of determining the role of overexpression of UBE3A, we developed and characterized a transgenic mouse model designed to allow for spatial specific expression of Ube3a isoform 2 using the Tetracycline-Off system (Tet-Off) (40, 41) . We focused on Ube3a isoform 2 because it is highly conserved among vertebrates and plays a key role in neuronal development. We characterized the expression levels and cellular localization of the Ube3a isoform 2 transgene and examined neuroanatomical, behavioral, cognitive, and seizure phenotypes associated with overexpression of Ube3a isoform 2 in excitatory forebrain neurons. We discovered that transgenic mice overexpressing Ube3a isoform 2 in excitatory forebrain neurons exhibited robust anxiety-like behaviors, learning impairments, and reduced seizure thresholds. Moreover, imaging data revealed large reductions in forebrain, hippocampus, striatum, amygdala, and cortical volume.
Results

Development and validation of inducible Ube3a isoform 2 mouse model
To generate a mouse model overexpressing the Ube3a gene, we used the tetracycline-inducible system (Tet-Off), which involves the use of two independent transgenes: 1) the tetracycline transactivator (tTA) protein located downstream of a promoter of interest; and 2) a tetracycline-response-element (TRE) located upstream of a transgene of interest (41, 42) . In double transgenic mice (i.e., tTA;TRE), the tTA protein binds to the TRE and initiates transcription of the downstream transgene. Importantly, the tTA protein is maintained intracellularly, thus transcription of the TRE-transgene is only expressed in cells expressing the tTA protein. Additionally, transcription of TRE-transgene can be turned-off by administering tetracycline/doxycycline (DOX), which interacts with the tTA protein and inhibits it from binding to the TRE (Fig. 1A) .
We first developed a TRE-transgene consisting of a 3X FLAG tag located upstream of the cDNA sequence of mouse Ube3a isoform 2 (TRE-FLAG:Ube3a-2). Founder lines (883, 884, and 969) carrying TRE-FLAG:Ube3a-2 transgene were then generated via pronuclear injection [FVB/N]. Each founder was expanded and then crossed with transgenic mice carrying a tTA transgene under the control of the calcium/calmodulin-dependent protein kinase type II alpha chain promoter (Camk2a-tTA [C57BL/6 J]), which expresses the tTA protein in excitatory forebrain neurons of the cortex and hippocampus (40, 43) . PCR genotyping reactions of offspring derived from heterozygous founders (Camk2a-tTA/þ x TRE-Ube3a-2/þ) yielded the 4 expected genotypes: 1) double transgenic; Camk2a-tTA/þ; TRE-Ube3a-2/þ (tTA/Ube3a-2), 2) Camk2a-tTA/þ;þ/þ, 3) þ/þ;TRE-FLAG:Ube3a-2/þ, and 4) þ/þ; þ/þ.
We next evaluated the expression levels of the TRE-FLAG:Ube3a-2 transgene among the 3 founder lines and examined the inducible and reversible properties of the Tet-Off system. In Camk2a-tTA/þ;TRE-Ube3a-2/þ mice, hereafter referred to as tTA/Ube3a-2 mice, FLAG:Ube3a-2 protein levels in the cortex were markedly different among the 3 founder lines (Fig. 1B) . Ube3a steady state RNA levels in cortex were significantly different (F (2, 9) ¼ 85.2, P 0.005, mixed effect ANOVA) among tTA/ Ube3a-2 mice derived from the 884 and 969 lines and WT (tTA/þ) mice, with significantly higher Ube3a RNA levels in the 884-tTA/Ube3a-2 mice compared to those in 969-tTA/Ube3a-2 (t (9) ¼ 6.0, 0.005, Tukey HSD) and WT (t (9) ¼ 13.1, P 0.005, Tukey HSD) mice. On average, Ube3a RNA levels were increased by approximately 3.8-and 2.5-fold in the cortices of 884-tTA/TREUbe3a-2 and 969-tTA/TRE-Ube3a-2 mice, respectively. Further analysis of the 884-tTA/Ube3a-2 mice revealed that FLAG:Ube3a-2 protein levels were significantly higher (t (8) ¼ 16.8, 0.005, student t-test) than endogenous Ube3a protein levels in the cortex ( Fig. 1C and D) . Similar to the RNA levels of Ube3a, FLAG:Ube3a-2 levels were increased by approximately 3-fold. Examination of additional tissues showed that TRE-FLAG:Ube3a-2 transgene was expressed in cortex and hippocampus but not in the lungs (Fig. 1C and D) or in liver or cerebellum (data not shown).
Founder line 884 exhibited the highest level of Ube3a RNA expression and was thus used for the subsequent analyses. Figure  1E and F illustrates western blots of double transgenic mice that reproducibly demonstrate pronounced overexpression of FLAG:Ube3a-2, $7.5 greater (t (6) ¼ 8.74, P 0.005, student t-test) in Figure 1 . Validation of inducible Ube3a isoform 2 (tTA/Ube3a-2) overexpression mouse model. (A) Schematic of the tetracycline inducible system to regulate Ube3a isoform 2 FLAG:Ube3a-2 expression in excitatory neurons. The inducible transgene contains a minimal cytomegalovirus promoter fused to multiple copies of the E. coli tet operator sequence (TRE) and an N-terminal FLAG epitope tagged to the cDNA sequence of Ube3a-2. The Ube3a-2 transgene is expressed by the tetracycline transactivator protein (tTA), which is under the control of the CamK2a promoter. Expression of the transgene can be inhibited by administering doxycycline. (B) Western blot of FLAG:Ube3a-2 expression levels among the three founder lines. FLAG:Ube3a-2 protein levels in the cortex were markedly different among the three lines. Mice derived from the 884 and 969 lines had significantly higher FLAG:Ube3a-2 relative to endogenous Ube3a in 883 founder line, tTA/þ, and þ/þ;þ/þ. (C) TaqMan assay of Ube3a-2 RNA transcript levels in mouse cortex and lung. Double transgenic mice (white bars) show a significant increase in the expression level of Ube3a RNA in the cortex compared to þ/þ;þ/ þ (black bars, P 0.05). In contrast, Ube3a-2 RNA levels in the lung were not significantly different between tTA/Ube3a-2 and þ/þ;þ/þ. (D) Western blot detecting transgenic FLAG:Ube3a-2 (upper band, 125kDa) compared to endogenous Ube3a (lower band, 95 kD) in cortex versus lung in þ/þ; þ/þ versus tTA/Ube3a-2 tissue, using an anti-Ube3a antibody. (E, F) Western blot of Ube3a and GAPDH loading control in þ/þ; þ/þ and tTA/Ube3a-2 cortex. The image illustrates four samples per experimental group, and shows significant increases in Ube3a-2 protein levels in the tTA/Ube3a-2 cortex. Endogenous levels of Ube3a remained unchanged in þ/þ; þ/þ mice. (G, H) Western blot of Ube3a and GAPDH loading control in Saline and DOX treated þ/þ; þ/þ and tTA/Ube3a-2 cortex. The image illustrates three cortex samples per experimental group, and shows the reversible properties of the model following 1 month of DOX treatment (8 mg/kg/day, p.o.) by strong reduction of Ube3a-2 protein in DOX treated tTA/Ube3a-2 ($70% reduction) compared to vehicle controls in tTA/Ube3a-2 but not þ/þ; þ/þ tissue. Endogenous Ube3a levels in þ/þ; þ/þ were not affected by DOX treatment.
tTA/Ube3a-2 than þ/þ; þ/þ. After 1 month of DOX treatment (8 mg/ kg/day, p.o), FLAG:Ube3a-2 protein levels were significantly lower in the DOX treated animals ($70% reduction) compared to vehicle tTA/Ube3a-2 ( Fig. 1G and H; t (4) ¼ À11.85, P 0.005, student t-test). Endogenous Ube3a protein levels were not affected by DOX treatment (t (4) ¼ 1.78, P > 0.05, student t-test).
Immunofluorescence imaging showed that the FLAG:Ube3a-2 protein was detected in Camk2a positive pyramidal neurons of the cortex and hippocampus, where it was primarily localized in the cytoplasm ( Fig. 2A and D) . The FLAG:Ube3a-2 protein was detected in cytoplasm using both an anti-FLAG transgene-specific antibody (FLAG) and anti-Ube3a antibody (Fig. 2E-H , control in Supplementary Material, Fig. S7A-D) , confirming the expected cellular localization for Ube3a isoform 2. DAPI staining used to identify nuclei.
Robust anxiety-like behaviors in tTA/Ube3a-2 mice Anxiety-like behaviors were assessed in two gold-standard assays: elevated plus-maze and light $ dark conflict. As compared to þ/þ; þ/þ (hereafter referred to as WT), tTA/Ube3a-2 mice made significantly fewer entries onto the open arms ( Fig. 3A Material, Fig. S1 ). Pup USVs are standard read outs of anxiety-like behavior, stress responsivity, and/or social communication (46) (47) (48) (49) (50) (51) (52) . Supplementary Material, Figure S2 illustrates no hypo-or hyper-activating effects of genotype on open field exploratory locomotion in WT and tTA/Ube3a-2 mice during a 30-min session.
A tertiary anxiety-like measurement was performed using a stress-induced hyperthermia assay, which is useful in measuring anxiolytic profiles because of its independence of motor abilities, sex and species. Greater elevations in stress-induced change in body temperature were observed in tTA/Ube3a-2 mice, compared to WT littermates ( Fig. 3E ; t (23) ¼ 3.50, P 0.01, student t-test). As expected, normal elevations in body temperature were observed between T1 and T2 for both genotypes ( Fig.  3F ; WT: t (12) ¼ 2.87, P 0.01; tTA/Ube3a-2: t (11) ¼ 8.07, P 0.005, student t-tests). Collectively, these data indicate more stress responsivity, hyper-reactivity, and greater levels of anxiety-like behavior.
Replication with a second independent cohort of WT and tTA/Ube3a-2 mice on these three anxiety-like behavioral tasks yielded similar findings (Supplementary Material, Fig. S3 ).
Normal ASD-relevant behavioral phenotypes in tTA/Ube3a-2 mice Behaviors relevant to ASD were assessed using two corroborating assays of social behavior, as described previously (53) (54) (55) (56) (57) . Sociability scores from the automated three-chambered social approach task on the chamber time parameter in WT and tTA/ Ube3a-2 showed typical, significant sociability ( Fig. 4A ; WT: F (1,12) ¼ 8.73, P 0.05; tTA/Ube3a-2: F (1, 11) ¼ 17.09, P 0.005, within genotype repeated measures ANOVA). Sexes were combined since no sex difference on time spent in the chamber was observed (F (1, 23) ¼ 0.12, P > 0.05, ANOVA). Additionally, both genotypes exhibited significantly more time social sniffing, which was defined as time spent within 2-cm of the wire cup, with the head facing the wire cup containing the stimulus mouse, as compared to the time spent sniffing the novel object, using the same body point detection settings, ( Fig. 4B ; WT: F (1, 12) ¼ 40.32, P 0.005; tTA/Ube3a-2: F (1, 11) ¼ 6.46, P 0.05, within genotype repeated measures ANOVA). No sex difference on time spent sniffing the novel mouse or novel object was observed (F (1, 23) ¼ 2.61, P > 0.05, ANOVA). Consistent with earlier reports on other genetic mutant models, sex differences in social approach behavior are rarely observed (50, (58) (59) (60) .
Number of entries into the side chambers was not affected by genotype ( Fig. 4C ; F (1,23) ¼ 0.34, P > 0.05, within genotype repeated measures ANOVA), indicating that overexpression of Ube3a-2 had no effect on general exploratory activity throughout the 3-chambered apparatus during the social approach assay. No innate side preference was present during the habituation phase using the time in chamber parameter (data not shown; F (1, 23) ¼ 0.85, P > 0.05, ANOVA), nor on the entries into the left or right chambers parameter (data not shown; No social deficits were observed on investigative or social parameters in male tTA/Ube3a-2 during the male-female reciprocal dyad social interaction test. Figure 4D -F illustrates a detailed examination of male-female social interaction parameters during a session of reciprocal interactions between male WT and tTA/Ube3a-2 subject mice paired with an unfamiliar estrous B6 female. No genotype difference between WT and tTA/Ube3a-2 was detected on duration of time spent nose-to-anogenital sniffing ( Fig. 4D ; t (11) ¼ 0.89, P > 0.05, student t-test), nose-tonose sniffing ( Fig. 4E ; t (11) ¼ 0.81, P > 0.05, student t-test), and following behavior ( Fig. 4F ; t (11) ¼ 0.15, P > 0.05, student t-test). Levels of investigation of these parameters were comparable and consistent with earlier findings (61) .
Normal social behaviors were replicated with a second independent cohort of WT and tTA/Ube3a-2 mice (Supplementary Material, Fig. S4 ).
Self-grooming is a complex innate behavior with an evolutionarily conserved sequencing pattern and is one of the most frequently performed behavioral activities in rodents. Analysis of self-grooming is a useful measure of repetitive behavior in models of neurodevelopmental disorders with high repetitive behaviors (62, 63) . No difference between WT and tTA/Ube3a-2 was observed on spontaneous motor stereotypies, such as repetitive self-grooming behavior ( Fig. 4I ; F (1, 21) ¼ 1.22, P > 0.05, ANOVA). Sexes were combined as no sex difference on this assay was observed (Self-groom:
Deficits in contextual but not cued Pavlovian learning in tTA/Ube3a-2 mice Fear conditioning to either a cue or a context represents a form of associative learning that has been used in many species (64, 65) . Learning and memory was evaluated using two components, a 24-h contextual component and a 48-h cued fear conditioning. High levels of freezing were observed, subsequent to the conditioned stimulus (CS) -unconditioned stimulus (UCS) pairings, on the training day, across both genotypes (WT: main effect of training, F (1,12) ¼ 35.47, P 0.005; tTA/Ube3a-2: main effect of training F (1, 12) ¼ 48.35, P 0.005). No significant effects of WT and tTA/Ube3a-2 mice made a similar number of total arm entries (open arm entries þ closed arm entries), indicating an anxiety-like phenotype not confounded by sedation or motoric deficits. (C) In the light $ dark conflict assay, tTA/Ube3a-2 mice made fewer transitions between chambers and (D) a trend toward shorter latencies to enter the dark chamber, again indicating an anxiety-like phenotype. A tertiary anxiety-like measurement was performed using the stress-induced hyperthermia assay, as this parameter is completely independent of locomotor activity. (E) Elevated stress-induced changes in body temperature were observed in tTA/Ube3a-2 mutants, compared to WT littermate controls, indicating more stress responsivity and hyper-reactivity, suggesting a greater basal level of anxiety. (F) Normal, heightened body temperature ( C) between first and second temperature assessments for both WT and tTA/Ube3a-2, confirmed typical physiological levels of stress were observed during the assay. *P 0.05 versus WT by student's unpaired t-tests, NS, non-significant. Replication with a second independent cohort of WT and tTA/Ube3a-2 yielded similar findings (Supplementary Material, Fig. S3 ).
genotype were detected on freeze scores during the pre-training ( Fig. 5A; F Although the responses leading to behavioral freezing elicited by contextual and cued CSs are identical, the information processing demands underlying the two forms of fear conditioning are different (66) . In contextual conditioning, the CS is not restricted to a single sensory modality and contexts are continuously present versus the precise, time-dependent manner of the tone presentations. Levels of freezing, between the preand post-cue presentation 48 h after training, revealed significant main effects of cued training (WT: main effect of cue, F (1, 12) ¼ 48.35, P 0.005; tTA/Ube3a-2: main effect of cue F (1, 11) ¼ 33.79, P 0.005). A trend but not a significant effect of genotype was detected on freeze scores during the post-cue exposure ( Fig. 5C ; F (1, 23) ¼ 2.40, P ¼ 0.13, repeated measures ANOVA). Strong differences between tTA/Ube3a-2 on contextual but not cued fear conditioning indicate deficits in learning and memory, without motoric confounds, which are likely caused by abnormalities in the hippocampus.
Replication with a second cohort of WT and tTA/Ube3a-2 yielded similar findings, including deficits in contextual but not cued conditioned learning (Supplementary Material, Fig. S5 ).
In extension of published data from Han et al. (2012), we found that expression of the Camk2a-tTA/þ;þ/þ transgene alone did not elicit anxiety-like behaviors or learning memory deficits (Supplementary Material, Table S2 ) (67) . Similarly, as an additional control group, we found that expression of the TRE-Ube3a isoform 2;þ/þ transgene alone did not elicit anxiety-like behaviors or learning memory deficits (Supplementary Material, Table S3 ).
Lower seizure threshold in tTA/Ube3a-2 isoform specific overexpression mouse model Seizures were provoked using pentylenetetrazol (PTZ; 80 mg/kg, i.p.) in tTA/Ube3a-2 and WT littermate control mice. Latencies to myoclonic jerk, generalized clonic seizure (loss of righting sniffing the novel mouse versus object were statistically significant for both WT and tTA/Ube3a-2 mice using a within genotype paired t-test. (C) No significant difference was identified between WT and tTA/Ube3a-2 on the number of transitions between chambers, confirming no locomotor confound during this complex behavioral readout. (D) Male subjects during the male-female reciprocal social interaction illustrated clear, strong sociability in both WT and tTA/Ube3a-2 using standard readouts of duration of time spent in anogenital sniffing behavior, (E) nose-to-nose sniffing, and (F) time spent following. (G) Exploration during the assay was unaffected by genotype. (H) Interestingly, ultrasonic vocalizations during male-female social interaction were significantly higher in the tTA/Ube3a-2 mice compared to the WT control.
(I) Cumulative time spent self-grooming did not differ between tTA/Ube3a-2 and WT. *P 0.05 versus WT by repeated measures ANOVA or student's unpaired t-test, NS, non-significant. Replication with a second independent cohort of WT and tTA/Ube3a-2 on the three-chambered approach task yielded similar findings (Supplementary Material, Fig. S4 ). The pup isolation ultrasonic vocalization paradigm is presented in Supplementary Material, Figure S1 . reflex), and tonic extension were collected as a preliminary characterization of seizure and subthreshold epileptiform activity. Figure 6A is representative electroencephalographic (EEG) traces of PTZ-induced seizures in a representative WT subject, highlighting that WT does not reach a generalized status epilepticus seizure and survives this chemoconvulsant insult for->10 min. The lower panel illustrates a representative tTA/ Ube3a-2 mouse rapidly achieving robust, high Racine ranked seizures, tonic hindlimb extension and death within 10-min post-administration. Faster onset to a generalized clonic seizure ( Fig. 6B; t (1, 21) ¼ 2.77, P 0.05, student t-test) and reduced latencies to tonic extensions and death were discovered in tTA/ Ube3a-2 compared to WT mice ( Fig. 6C; t (1, 21) ¼ 2.85, P 0.05, student t-test).
Replication with a second cohort of WT and tTA/Ube3a-2 mice yielded similar findings, including reduced latencies to myoclonic jerk and strong trends toward reduced latencies to first generalized clonic seizure and tonic extension, which corroborate our results (Supplementary Material, Fig. S6 ).
Reduced brain volumes by magnetic resonance imaging
Total brain volumes were smaller in the tTA/Ube3a-2 mice compared to WT littermate controls (À4.97%, FDR 0.001). Figure  7A -F highlights significant differences found for 6 of 7 summary regions ranging from À2 to À4%, excluding the cerebellum (P > 0.05). Volume reductions were discovered in cortex (À3.81%, FDR 0.01), hippocampus (À5.45%, FDR 0.01), amygdala (À6.97%, FDR 0.01), and striatum (À12.31%, FDR 0.01). As expected, there was no effect on volume of the cerebellum between genotypes (À2.38%, P > 0.05). Threshold for significance used a FDR of 5%. Supplementary Material, Table S1 outlines a comprehensive list of regions analyzed for brain regional volume. In our analysis, comparisons were made with absolute volume in seven different summary regions (cortex, cerebellum, brainstem, ventricles, olfactory, cerebral white matter and gray matter). In addition to the summary regions, 159 independent brain regions were assessed with divisions across the cortex, subcortical areas, and cerebellum (68) (69) (70) . Of the 159 different regions, 70 were found to be significantly different (FDR of 0.05). In all of these regions, the tTA/Ube3a-2 mice were decreased in size compared to WT. The largest decreases were seen within the hippocampus and the striatum. In the highresolution three-dimensional mouse brain atlas by Dorr et al. (2008) , the hippocampus is divided into three different sections, namely the hippocampus proper, the dentate gyrus, and the granular layer (68) . Interestingly in the tTA/Ube3a-2 mice, the dentate gyrus and granular layer were decreased by 14-16%, whereas the hippocampus proper was only decreased by 5%. This stemmed from a significant voxelwise increase in the CA3 of the hippocampus (Fig. 7) . Figure 7 highlights brain volume reductions in cortex (À3.81%, FDR 0.01), hippocampus (À5.45%, FDR 0.01), striatum (À12.31%, FDR 0.01), and amygdala (À6.97%, FDR 0.01). As expected, due to neuron-specific Ube3a-2 overexpression in the hippocampus and cortex, there was no effect on volume of the cerebellum between genotypes (À2.38%, P > 0.05).
Discussion
Mouse models are essential tools for studying etiologies of neurodevelopmental disorders and for discovering novel intervention targets, with the highest level of specificity. Therefore, it is imperative that our understanding of functional outcomes, attributable to key regulatory molecules, like UBE3A, is precise. We developed, generated and characterized a new mouse model overexpressing Ube3a isoform 2 (analogous to human UBE3A isoform 3) in Camk2a-þ positive neurons using the tetracycline-inducible (Tet-off) expression system. This new model is critical to our understanding of how changes in Ube3a levels in neurons result in a range of behavioral phenotypes. The validation studies shown here confirm that we can indeed significantly raise the level of Ube3a protein in neurons by as much as 5-fold (Fig. 1F) , that the FLAG:Ube3a isoform 2 protein is properly localized to the cytoplasm in hippocampal neurons (Fig. 2) , and that these molecular changes in expression result in measurable and translationally relevant behavioral phenotypes.
Mice overexpressing Ube3a isoform 2 in excitatory forebrain neurons (tTA/Ube3a-2) exhibited normal growth in the first 2 weeks of postnatal life but emitted fewer ultrasonic vocalizations than WT pups at both earlier and later developmental points, indicating potential abnormalities in stress responsivity and/or social communication. Ability to thrive, general motor, and explorative abilities in the transgenic mice were all typical. Several strong, reproducible behavioral phenotypes were Figure 5 . Learning and memory deficits in tTA/Ube3a-2 overexpression mice. Learning and memory was evaluated using two components, contextual cues and an auditory tone, with assessments of freezing time before and after the presentation of three tone-shock pairings. (A) Normal levels of freezing post-training indicate associations between tone and shock were made in all genotypes. In addition, both genotypes showed typical basal levels of freezing suggesting no confounds of deficits in sensory reactivity or pain threshold. (B) 24-h contextual component illustrated that tTA/Ube3a-2 mice exhibited less freezing, indicating deficits in contextual learning and memory. (C) Normal cued conditioning freeze time 48 h after initial training, before and after, the presentation of three tone-cues is illustrated between the WT and tTA/Ube3a-2. *P 0.05 versus WT by student's unpaired t-tests. Replication with a second independent cohort of WT and tTA/Ube3a-2 on contextual and cued fear conditioning yielded similar findings (Supplementary Material, Fig. S5 ). There were no confounds of TRE-FLAG or tTA-þ/-expression in contextual fear conditioning tests (Supplementary Material, Tables S2 and S3). observed and reproduced, including anxiety-like behavior, cognitive impairments, and most notably, reduced seizure thresholds (i.e., seizure susceptibility).
Seizures occur in approximately 60% of individuals with Dup15q syndrome (71) . The proconvulsant PTZ, a noncompetitive GABA antagonist, is routinely used to assess excitability of the brain and induce absence-seizures at low doses, or convulsion jerks and generalized tonic-clonic convulsive seizures at higher dose (72) . We observed faster onsets to multiple parameters in behavioral seizure quantification, including time to first myoclonic jerk and tonic-clonic seizure and death. This is the first report of any parameter relevant to seizures in a mouse model of Ube3a overexpression. These results, along with others in Ube3a-deficient models, indicate and support a dose sensitive role for Ube3a in GABAergic signaling (73) (74) (75) (76) . Whole brain anatomical phenotyping also revealed volume reductions and dysmorphia in several key brain structures, including pronounced reductions in the hippocampus proper and its substructures, supporting clinical findings of heterotopias and dysplasias observed in neuroimaging of individuals with Dup15q syndrome (77) . Anatomical phenotypes have been corroborative of behavioral phenotypes in other related preclinical mouse models of neurodevelopmental disorders performed by our collaborative team (78) (79) (80) (81) .
Here, we describe a new inducible mouse model, which allows temporal and spatial control of mouse Ube3a isoform 2. Although our studies used the Camk2a-tTA line to examine the role of Ube3a isoform 2 in excitatory neurons, additional tTA lines are readily available and can be used to overexpress Ube3a isoform 2 in other cells or tissues. While Camk2a is highly expressed in postnatal neurons, transcript has been detected in embryonic brain tissues (http://www.brain-map.org/highlights/ 20977). While expression profiles of CamK2a are mostly similar in developmental timing to when endogenous Ube3a is expressed, future directions will address if the higher levels of expression of CamK2a-driven Ube3a-2 during postnatal development are driving a portion of the severe phenotypes in our model. Beyond CamK2a driver specificity and forebrain localization, this is a powerful mouse model as the expression of Ube3a isoform 2 can be temporally regulated using Doxycycline, which will be useful for fully understanding the developmental and cellular roles of UBE3A in neurodevelopmental disorders and for developing and testing new therapies.
There are currently two mouse models of overexpression of Ube3a. Nakatani et al. (2009) used a chromosomal engineering approach to generate a mouse model with a 6.3 Mb duplication of the mouse region orthologous to the human 15q11-13 region, including Ndn, Snrpn, clusters of C/D box orphan snoRNAs, Ube3a, Atp10a, Gabrb3, Gabra5, Gabrg3, and Herc2 (82). Behavioral and anatomical anomalies were only observed in mice with a paternally inherited duplication of the region, which is at odds with the maternal-specific inheritance pattern of 15q11-q13 duplications observed in individuals with Dup15q syndrome (5,7,79,82). Smith et al. (2011) generated a Ube3a-specific mouse model via a bacterial artificial chromosome (BAC) containing the entire mouse Ube3a locus engineered with a C-terminal FLAG tag (83) . This model, on a congenic FVB/NJ background, exhibited ASD-relevant behavioral deficits in three-chambered social approach, ultrasonic vocalizations, and repetitive selfgrooming (83) . No phenotypes were discovered in developmental growth, general motor and explorative abilities, similar to our findings. In contrast to the robust anxiety-related phenotypes we discovered (Fig. 3, Supplementary Material, Fig. S3 ), no anxiety-like phenotype was observed in the elevated plus-maze studies in the Ube3a BAC transgenic (83) . No global or localized anatomical defects have been reported in the original or newer BAC model(s), to date, to compare with our presented neuroimaging data (24, 83) . Kuhnle et al. (2013) showed that fusion of a Cterminal, but not an N-terminal, FLAG tag on UBE3A impairs its E3 ligase activity, and suggest that the phenotypes observed in the Ube3a:FLAG overexpression mouse model generated by Smith et al. (2011) might not be caused by an increase in E3 activity but rather by inhibition of the E3 activity of endogenous Ube3a and/or by an increase in the E3-independent properties of Ube3a (84) (85) (86) . Therefore, the different phenotypes observed among (or between) the models likely stems from the design of each model, the influence of the genetic background strain, the In an independent cohort, seizures were provoked using pentylenetetrazol (PTZ; 80 mg/kg; i.p.) in tTA/Ube3a-2 and WT littermates. Latencies to myoclonic jerk, latency to loss of righting reflex/generalized seizure, and tonic extension were collected as preliminary characterization parameters of seizure and epileptiform activity. (B) tTA/Ube3a-2 mice exhibited faster seizure onsets and (C) reduced latencies to tonic extensions and death. *P 0.05 versus WT by student's unpaired t-test. Replication with a second independent cohort of WT and tTA/Ube3a-2 on behavioral seizure threshold yielded similar findings (Supplementary Material, Fig. S6 ).
level of overexpression of Ube3a achieved in each model, and the enzymatic activity of Ube3a.
Research efforts have largely focused on the E3 ligase and nuclear role(s) of the Ube3a/UBE3A protein (14, 15, 27, (87) (88) (89) . Previous immunohistochemical studies highlight a broad and diverse subcellular distribution of the Ube3a protein (34, 90, 91) . This level of subcellular diversity is consistent with the notion that Ube3a has many functions in the cell, including the ubiquitin proteasome system and transcriptional co-activation (31). Our model overexpressed the cytoplasmic isoform of Ube3a and we observed gross volume reductions in brain anatomy, anxiety-like behavior, learning and memory deficits, and seizure susceptibility thus it is plausible that both ligase dependent and non-dependent mechanism(s) of action, in both nuclear and cytoplasmic locations, are responsible for distinct behavioral phenotypes. Future studies of this model are needed to assess the E3 ligase activity of the FLAG:Ube3a-2 protein and to examine changes in the levels of previously identified or known Ube3a substrates in the cytoplasm. Our findings, in addition to other previously published studies, support the notion that each Ube3a/UBE3A isoform has a distinct function in the brain (33) .
The present study's outcomes were the analysis of F1 hybrid mice (FVB/NJ-C57BL/6J). This was the result of the design of the TRE-Ube3a-2 model on a FVB background and the fact that the commercially available CamK2a-tTA line is only available on a C57BL/6J background. Differences in sensitive behavioral outcomes such as anxiety-like and social behaviors between the previously reported models and ours, could be related to differences in genetic background and/or ages at testing. Recently, Sitting et al. (2016) discovered that use of single strains is a barrier to robust characterization of genotype-phenotype relationships (92) . Moreover, other studies of mouse models of monogenic neurodevelopmental disorders (e.g., AS, Fragile X and Rett syndromes) have shown that behavioral and anatomical phenotypes are highly dependent on genetic background (93) (94) (95) (96) (97) (98) . In our data, the strong reproducibility of the major phenotypes in two separate behaviorally tested cohorts of mice indicates a minimal influence of background strain. In fact, previous studies have shown that F1 hybrids have considerably better learning and memory abilities compared with congenic C57BL/6J mice (67, 99) . Follow-up analyses will perform comparisons of behavior and total anatomical differences by genotype on the hybrid background as well as the C57BL/6J congenic strain. We designed a focused comparison of the WT and tTA/ Ube3a-2 mice for behavioral and anatomical phenotypes, while using WT, single transgenic (Camk2a-tTA/þ;þ/þ and þ/þ;TREUbe3a-2) and double transgenic (Camk2a-tTA/þ;TRE-Ube3a-2/þ) for molecular comparisons. A recent report showed strain-dependent deficits of Camk2a-tTA expression on hippocampal-dependent behavioral tasks such as contextual fear conditioning (67) . Given this report, it seemed prudent to assay for the behavioral effects of Camk2a-tTA/þ;þ/þ alone, in all groups. No pronounced behavioral phenotypes were observed in experiments examining phenotypes of the Camka-tTA/þ mice versus the WT neither on the mixed FVB/NJ-C57BL/6J background strain nor on the pure congenic C57BL/6J strain, consistent with Han et al. (2012) . Importantly, in extension of earlier results, we found that expression of the Camk2a-tTA/þ;þ/þ transgene alone did not elicit anxiety-like behaviors or learning memory deficits (Supplementary Material, Table S2 ). We also found no confounding effect of TRE-FLAG expression.
In summary, we have developed a versatile mouse model expressing Ube3a isoform 2 under the control of the Tet-off system and assessed the effects of overexpression of Ube3a isoform Table S1 outlines a comprehensive list of regions analyzed for brain regional volume.
2 in excitatory neurons towards understanding the role of elevated UBE3A in Dup15q syndrome. We discovered that tTA/ Ube3a-2 mice exhibit reduced ultrasonic vocalization in pups, elevated anxiety-like behavioral responses and learning and memory impairments. tTA/Ube3a-2 mice were also more susceptible to seizures, a key feature of the human condition and an area of research that was until now, not feasible to investigate in other mouse models. We observed anatomical pathology by reduced forebrain, hippocampus, striatum, amygdala and cortical volume. Altogether, these findings show an isoformand neuronal subtype-specific role of Ube3a in translationally relevant behavioral outcomes. Furthermore, this mouse model has been made publically available prior to publication in order to advance scientific research in the fields of Dup15q and Angelman syndromes and to expedite the development of new therapies for these conditions.
Materials and Methods
Vector design
The TRE-Ube3a-2 transgene was designed in the laboratory of Dr. Scott V. Dindot. Briefly, a sequence consisting of an N-terminal 3X FLAG tag and the cDNA sequence encoding the mouse Ube3a isoform 2 (Ube3a-2, NM_011668.2) was synthesized and cloned into the pcDNA3.1 vector (LifeTechnologies). The FLAG:Ube3a-2 sequence was then cloned into the pTRE-Tight vector (#631059, CloneTech). A map of the 3XFLAG:Ube3a-2_pTRE-Tight vector map and sequence are available on request.
Generation and characterization of an inducible Ube3a isoform 2 mouse model
Transgenic founders carrying the 3XFLAG:Ube3a-2_pTRE-Tight vector were generated via pronuclear injections at the Texas A&M Institute of Genomic Medicine (TIGM) using methods described previously. Briefly, FVB/NJ embryos (Stock #001800, The Jackson Laboratory, Bar Harbor, ME) were injected with the 3XFLAG:Ube3a-2_pTRE-Tight vector and transferred to recipient females. Transgenic founder animals were identified by PCR genotyping using the following primers (forward [AAT GAG GCC TGC ACG AAT GA], reverse [AAG CTC AGA ACC AGT GCC TC]) with the following conditions: PCR mix: 14.75 ml dH20, 5 ml 5X Green GoTaq Flexi Buffer (#M8291, Promega), 2.5 ml 25mM MgCl2, 0.5 ml 10 mM dNTPs, 0.5 ml 10 mM forward primer, 0.5 ml 10 mM reverse primer, 1 ml DNA (50-100 ng), and 0.25 ml GoTaq Flexi DNA polymerase; thermocycler conditions: 94 C 5 min (1 cycle). Mice carrying the 3XFLAG:Ube3a-2_pTRE-Tight (hereafter referred to as TRE-Ube3a-2) transgene were crossed to FVB/NJ to assess germline transmission and to establish colonies of each line. Sperm from each founder line was cryopreserved at TIGM; a line was sent to The Jackson Laboratory Repository (FVB/N-Tg(tetO-Ube3a*2)884Svd/J, #026279) and was made available to the scientific community for use in 2014. Inducible expression of the TRE-Ube3a-2 transgene was assessed by crossing TRE-FLAG:Ube3a-2/þ mice to Camk2a-tTA/ þ mice (B6.Cg-Tg(Camk2a-tTA)1Mmay/DboJ, #007004, The Jackson Laboratory), which expresses the tetracycline transactivator (tTA) protein under the control of the Camk2a promoter. The resulting F1 hybrid offspring have the possible following genotypes: 1) TRE-Ube3a-2/þ; CamK2a-tTA/þ, 2) TRE-Ube3a-2/þ;þ/ þ, 3) þ/þ; CamK2a-tTA/þ, and 4) þ/þ; þ/þ (WT). Offspring were genotyped for the TRE-Ube3a-2 as described above and for the Camk2a-tTA transgene using the following primers (forward-olMR8746 [CGC TGT GGG GCA TTT TAC TTT AG], reverse-olMR8747 [CAT GTC CAG ATC GAA ATC GTC], forwardolMR8744 [CAA ATG TTG CTT GTC TGG], reverse-olMR8745 [GTC AGT CGA GTG CAC AGT TT]) with the following conditions: PCR mix: 8.75 ml dH20, 5 ml 5X Green GoTaq Flexi Buffer (Vendor), 2.5 ml 25 mM MgCl2, 0.6 ml 10 mM dNTPs, 0.6 ml 10 mM forwardolMR8746 primer, 0.5 ml 10 mM reverse-olMR8747 primer, 0.6 ml 10 mM forward-olMR8744, 0.6 ml 10 mM reverse-olMR8745 primer, 1 ml DNA (50-100 ng), and 0.25 ml GoTaq Flexi DNA polymerase; thermocycler conditions: 94 C 3 min (1 cycle); 94 C 30s, 57 C 1 min, 72 C 1 min (30 cycles); 72 C 5 min (1 cycle).
All animals were housed in pathogen-free mouse facility under standard conditions, according to NIH guidelines and approved by the Texas A&M University Institutional Animal Care and Use Committee.
Quantitative RT-PCR
Ube3a steady state mRNA levels were examined in mice using quantitative real-time PCR. Briefly, total RNA was extracted from tissue samples using the Purelink RNA Mini Kit (Life Technologies, Carlsbad, CA). First strand cDNA synthesis was performed using the Superscript III First Strand Synthesis kit and oligo-dT primers (Life Technologies). Real-time PCR was performed using the Taqman Gene Expression Master Mix and Taqman Gene Expression Assays per manufacturer's protocol (Life Technologies). Beta-2 microglobulin (Taqman Assay #Mm00437762_m1) was used as an internal control. Taqman Assay #Mm00839910_m1 was used to assess Ube3a (Ube3a-2 and endogenous Ube3a) mRNA levels. The primer and probe set targets an amplicon of 121 base pairs that spans exons 6 and 7 of Ube3a isoforms 1 and 3 and exons 8 and 9 of Ube3a isoform 2. The reactions were performed using an ABI 7900HT real-time PCR machine. Measurements for inferential statistics were performed using normalized DCt values ); target ¼ Ube3a, internal control ¼ beta-2 microglobulin).
Western blot analysis at Texas A&M. The Ube3a (#611416, BD Biosciences) primary antibody was diluted in 2.5% milk/T-TBS and incubated on the membrane for 1 h at room temperature. After three 15 min washes in T-TBS, the secondary antibody (Peroxidase AffiniPure Goat Anti-Mouse IgG, #115-035-166, Jackson ImmunoResearch Laboratories, Inc.) was diluted 1:2000 in 2.5% milk/T-TBS and incubated on the membrane for 1 h at room temperature. Three 15 min washes in T-TBS were performed before developing with Clarity Western ECL Substrate (Bio-Rad), according to the manufacturer's protocol. Membranes were imaged using the FluorChem system. Digital images of western blot membranes (16 bit.tif) were imported into ImageJ and FLAG:Ube3a-2 and endogenous Ube3a protein levels were quantified using the area under the curve feature. FLAG:Ube3a-2 and endogenous protein levels were transformed as percentage of total protein per sample. A student's t-test was used to compare the relative percentages of each protein. Descriptive statistics consist of FLAG:Ube3a-2 protein levels relative to endogenous Ube3a protein levels.
Western blot Analysis at UC Davis MIND Institute
For Western blot experiments, tissues were lysed with 10 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 10 mM EDTA and protease inhibitor cocktail; PH 7.4. Then sonicated and added 5x loading buffer and boiled for 5 min. Protein was quantified by BCA protein assay. Protein extracts (20-50 lg) were subjected to 4-20% precast polyacrylamide gel (Bio-rad). On the Odyssey infrared imaging system, samples were separated and transferred onto nitrocellulose membranes for 130 min at a constant current of 100 mA. The membranes were blocked in odyssey blocking buffer (Licor, 927-40000) for 1 h. Anti-E6AP (1:500, Santa cruz, sc-25509), and anti-GAPDH (1:10,000, Advanced Immunochemical, Inc., 2-RGM2) were incubated with the membranes in blocking buffer containing 0.2% Tween overnight at 4 C. Membranes were then incubated with secondary antibodies, IRDye 800CW Donkey anti-Mouse IgG (Licor, 926-32212), and IRDye 680RD Donkey antiRabbit IgG (Licor, 926-68073) in 1:10,000 dilution for 1 h. Protein quantification was performed using a Licor Odyssey infrared imaging system according to manufacturer's instructions. 
Doxycycline administration
The reversible properties of the model were examined by administering doxycycline (DOX; 8 mg/kg/day, p.o.) as previously described (99) for 1-mon prior to tissue collection. Dosing was administered in the morning daily (7 am -10 am). The solution used was a 0.8 mg/mL (DOX in water) solution with mice getting weight/100 ml of solution.
Mouse colony at UC Davis TRE-Ube3a-2 transgenic mice (þ/-) breeders were transferred from the Texas A&M University to the UC Davis Mouse Biology Program for sterile rederivation by IVF followed by embryo transfer into pseudopregnant recipients to produce pups in the barrier facility. Offspring from the rederivation process were maintained on the FVB/NJ background. Both colonies were maintained by wildtype (þ/þ) by heterozygous (þ/-) crosses. Heterozygous Camk2a-tTA male mice were paired with TREUbe3a-2 females in harem breeding trios, giving rise to the genotypes as described above. Approximately, 2-weeks after pairing, females were individually housed and inspected daily for pregnancy and delivery. 
Behavioral assays
All behavioral tests were performed between 09:00 and 17:00 h during the light phase of the light/dark cycle. All groups were tested on the same day in randomized order. Mice were brought to an empty holding room adjacent to the testing area at least 1 h prior to the start of behavioral testing. Two cohorts of mice were tested. The first cohort of mice was generated to test adult behavior and PTZ-induced seizures. The second cohort of mice was generated to test ultrasonic pup vocalizations, reproduce adult behavioral outcomes, and brain collection for magnetic resonance imaging (MRI). In cohort 1, the order of testing was as follows: (1) elevated plus-maze at 5 weeks of age, (2) light $ dark exploration task at 6 weeks of age, (3) open field locomotion at 7 weeks of age, (4) stress-induced hyperthermia at 8 weeks of age, (5) three-chambered social approach at 9 weeks of age, (6) fear conditioning at 10 weeks of age, and (7) PTZ-induced seizures at 11 weeks of age. In cohort 2, the order of testing was as follows:
(1) PND 5, 7, 9, 11 pup ultrasonic vocalizations, (2) elevated plusmaze at 5 weeks of age, (3) light$dark exploration task at 6 weeks of age, (4) open field locomotion at 7 weeks of age, (5) stressinduced hyperthermia at 8 weeks of age, (6) three-chambered social approach and repetitive self-grooming at 9-10 weeks of age, 
Ultrasonic vocalizations in isolated pups
To elicit ultrasonic vocalizations for the assessment of communication deficits, pups (WT N ¼ 21, tTA/Ube3a-2 N ¼ 29) were isolated from their mother and littermates on post-natal day 5, 7, 9, and 11 for 3 min at room temperature (22-24 C) as described previously (46) (47) (48) .
Elevated plus-maze
To evaluate anxiety-related behavior mice (WT N ¼ 13, tTA/ Ube3a-2 N ¼ 12) were tested in elevated plus-maze as described previously (100) (using a standard mouse apparatus (Med Associates, St. Albans, VT).
Light $ dark transitions
To assess anxiety-like behavior, mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 12) were tested in the light $ dark behavioral assay as described previously (100).
Locomotion in novel open arena
To evaluate general exploratory behavior in a novel open field environment, mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 12) were run through open field as described previously (57-60,81).
Stress-induced hyperthermia
The stress-induced hyperthermia test was conducted in mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 12), as described previously (101) to assess a physiologic response to stress without a motor component.
3-Chambered social approach
For the detection of social deficits relevant to autism, social approach was tested in mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 12) using an automated three-chambered apparatus as described previously (57-60).
Repetitive self-grooming
Spontaneous repetitive self-grooming behavior was scored as described previously (57) (58) (59) (60) .
Male-female social interaction
The male-female reciprocal social interaction test involved only male subjects (WT N ¼ 8, tTA/Ube3a-2 N ¼ 5), since males initiated the social behaviors and USVs, and was conducted as described previously (57) (58) (59) (60) (61) to extend the sociability data from the three-chambered social approach task. Each freely moving male subject was paired with a freely moving unfamiliar estrous B6/J female for 5-min.
Fear conditioning
Delay contextual and cued fear conditioning was conducted in mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 11) using an automated fearconditioning chamber (Med Associates, St Albans, VT, USA) as described previously (81,100)
Pentylenetetrazole-induced seizures
Behavioral assessment of seizure threshold in mice (WT N ¼ 13, tTA/Ube3a-2 N ¼ 12) was performed with injections of 80 mg/kg of pentylenetetrazole (PTZ) as described previously (72) . PTZinduced convulsions were used to gauge susceptibility to primary generalized seizures (102, 103) .
MRI within brains subjects assessed in behavioral assays
Perfusion Mice were anesthetized with isoflourane (4% to effect) and intracardially perfused with 30 ml of 0.1 M PBS containing 10 U/ml heparin (Sigma) and 2 mM ProHance (a Gadolinium contrast agent) followed by 30 ml of 4% paraformaldehyde (PFA) containing 2 mM ProHance (104).
MRI
A multi-channel 7.0 Tesla MRI scanner (Varian Inc., Palo Alto, CA) was used to image the brains within their skulls. Sixteen custom-built solenoid coils were used to image the brains in parallel (69, 105) . In order to detect volumetric changes via Anatomical imaging, we used the following parameters for the MRI scans: T2-weighted, 3-D fast spin-echo sequence, with a cylindrical acquisition of k-space, a TR of 350 ms, and TEs of 12 ms per echo for 6 echoes, field-of-view equaled to 20 Â 20 Â 25 mm 3 and matrix size equaled to 504 Â 504 Â 630 (106) . The parameters output an image with 0.040 mm isotropic voxels. The total imaging time was 14 h.
Registration and analysis
To visualize and compare any changes in the mouse brains the images were linearly (6 followed by 12 parameters) and nonlinearly registered together. All scans were then resampled with the appropriate transform and averaged to create a population atlas representing the average anatomy of the study sample. The result of the registration was to have all scans deformed into alignment with each other in an unbiased fashion. All registrations were performed with a combination of mni_autoreg tools (107) and advanced normalization tools (ANTs) (108, 109) . This allows for the analysis of the deformations needed to take each individual mouse's anatomy into this final atlas space, the goal being to model how the deformation fields relate to genotype (69) . The Jacobian determinants of the deformation fields were then calculated as measures of volume at each voxel. Significant volume changes were then calculated by warping a pre-existing classified MRI atlas onto the population atlas, which allows for the volume of 62 segmented structures encompassing cortical lobes, large white matter structures (i.e. corpus callosum), ventricles, cerebellum, brain stem, and olfactory bulbs (68) to be assessed in all brains. Further, these measurements were examined on a voxel-wise basis to localize the differences found within regions or across the brain. An additional atlas consisting of 159 different regions, which further divides up the cortex and cerebellum (70, 110, 111) was also used to look for regional differences. Multiple comparisons were controlled for using the False Discovery Rate (112).
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Supplementary Material is available at HMG online.
